Introduction
In previous studies iron(III)oxide chloride, FeOCl, has been shown to be capable of intercalat ing long chain alkylammonium ions and alkylamines [1] , H owever, the samples were often heterogene ous, many of them exhibiting two pH -dependant bas al spacings. The heterogeneity was related to heterogeneous distribution of excess negative charges in the layers, brought about by nonstoichiometry [1] or chemical or electrochemical re duction [1] [2] [3] to M v+(F e1_ / +Fev2*OCl)jr_. The p re sent paper deals with alkylamine intercalates of FeOCl, studied with single crystals, and tem perature dependent phase changes thereof.
Materials and Methods
Iron(III)oxide chloride was prepared by reaction of a-F e20 3 with excess of FeCl3 (mole ratio 1:1.3) in a sealed glass am poule [4] with traces of HC1. Darkbrown single crystals with diam eters up to several millimeters were obtained by vapour phase transport in a tem perature gradient 300->400 °C within 14 days. Excess of adhering FeCl3 and FeCl2 was leached out by repeated treatm ent with water-free acetone and ethanol. Chemical analysis of the vac uum-dried samples indicated stoichiometric FeOCl within ± 0 .0 2 m ole% . However, there were defects with Fe2-in lattice sites and H~ in interstitial sites. X-ray analysis gave good agreem ent with literature data [5] (a = 378 pm, b = 330 pm , c -792 pm).
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Intercalation complexes with amines were formed by direct reaction of the oxide chloride with waterfree amines. With short chain amines «-CvH 2V +iNH2 (x = 1 to 10) fast reaction occurred even at room tem perature. W ith x = 11 to 18 the intercalation reaction was perform ed between 60 and 70 °C. Com pletion of the reaction was m onitored by X-ray dif fraction. With rc-hexylamine, for instance, the (00/) refelction of the host lattice disappeared within two minutes of contact tim e, while the new (00/) reflec tion of the intercalation complex became strong dur ing this period.
X-ray studies were carried out both with single crystals and with oriented flakes of the intercalation compounds. A large num ber of (00/) reflections could be observed, thus enabling very accurate m eas urements of the spacings. With integral (00/) series the standard deviations were in the order of ±10 pm at 5000 pm. Sometimes greater deviations were found in the vicinity of phase transform ation tem per atures or on quenching, obviously caused by some random sequences of different spacings within indi vidual crystals. In case a phase transition was smeared out over a broad tem perature range, non integral (00/) series appeared.
Tem perature dependency of basal spacings was measured with a Philips Norelco diffractom eter, us ing a special sample holder [6] , During the heating and cooling cycles the tem perature was kept constant to 0.1 K. During all of the measurem ents the sam ples were always in contact with excess of amine. In order to avoid adsorption of C 0 2 from the atm o sphere (= form ation of carbam inate), the samples were protected by a Mylar foil and kept in a closed cell. Due to the therm al expansion or contraction during the heating and cooling cycles, the surface had to be sm oothened from time to time. Single crys tals were sealed into glass capillaries. 
Results
Dimethylsulfoxide (D M SO ), pyridine, ammonia and amines are intercalated directly (Table I ). The basal spacing of the pyridine complex is slightly high er than that reported in the literature [1, 2] , The differences are probably due to the differences in nonstoichiom etry, the samples of this work having defects F F F e 2~OCl instead of Fe3+OCl in amounts up to 2% with protons in interstitial sites. Therefore it is not surprising that these samples do react with am m onia and amines directly. The increase in spac ing with N H 3 is only 234 pm. This is less than the space requirem ents of N H 3 in intercalates of transi tion m etal dichalcogenides like TiS2, NbS2 or TaS2 [8, 9] . In the latter case the lattice expansion is inbetween 302 pm (NbS2) and 452 pm (VSe2). The inter layer region is surrounded by sulfide layers, which are densely packed within each layer. In the F eO C l-N H 3-intercalate the N H 3 is intercalated inbetween two chloride layers of less dense, pseudo square packing. Therefore, the N H 3 molecules can dip into these Cl-layers, thus dem anding less of an increase in basal spacing.
With methylamine the spacings are increased by 349 pm, with ethylamine by 395 pm only, indicating the axes C -N and C N do not stand perpen dicular to the FeOCl-layers, but lie parallel. In terc ala tio n co m p o u n d s o f F eO C l w ith n -alkylam ine (values m eas u red w ith single crystals).
The intercalates with N H 3, C H 3N H 2 and C2H 5NH 2 decompose slowly on storage at 20-60 °C in the pre sence of liquid or vapour water. D epending on the tem perature and w ater content y-FeO O H , am orph ous Fe(OFI)3 or a-F e20 3 are formed. The basal spacings increase steeply by reaction with amines posses sing 4 or m ore carbon atoms per unbranched chain (Table II) . The exact values depend upon the tem perature and the pretreatm ent. In Fig. 1 the basal spacings at 22 °C are plotted versus the chain length (num ber of carbon atoms = x). W ith 6=Sx=Sl8 the data can be approxim ated by a straight line d22°c = 262.5 x + 894 (pm) (r2 = 0.9978).
The average increase of 262.5 pm /C-atom is slightly higher than the highest theoretical value for bilayers with extended chains in all-anti-conform ation and perpendicular arrangem ent to the layers (= 2 5 3 pm/ C-atom). However, even with n-octadecylamine the absolute d-value is less than the calculated spacing for such a regular arrangem ent. Therefore, increase of the bond angles C C can be excluded. E x trapolation to x = 0 yields only 894 pm for the hypo thetical FeO C l-N H 3-intercalate, which is 132 pm less than the experimentally observed one. This and the higher increase per carbon atom may be ex plained either by a decrease in the num ber of struc tural defects in the alkyl bilayers with increasing chain lenght or a successive increase in the tilting angle of inclined chains or by chains in a "gaucheblock"-structure, with the gauche bonds migrating toward the chain ends with increasing num ber of car bon atoms. A scheme for the latter arrangem ent is shown in Fig. 2 , with either the amine end (2a) or the CH 3 end (2b) being tilted. In both cases the basal spacings should alternate with odd and even numbers of carbon atoms. This is experimentally observed Chain length impurities in the odd numbered amines (esp. with x = 15), C H 3-packing differences in the middle plane of the bilayers and some random ness in the positions of the gauche bonds in different interlayers could diminish the alternation. In Fig. 3 the spacings at 110 °C are compared with those at 22 °C for 12sS;ts£l8. A nother straight line is ob tained as follows: dno°c = 212-x + 994 (pm) (r2 = 0.997).
In this case extrapolation to x = 0 leads to 994 pm, which is only 32 pm less than the experim ental value for the N H 3-intercalate. The mean increase of 212 pm /C-atom indicates again the presence of bi layers. From the ratio 212 : 2 • 126.5 a tilting angle of a = 56.9° is calculated. This value is close to the theoretical angle, which is obtained for bilayers of all-anti-chains with the lone electron pair of the amine group directed perpendicular towards the layers. However, the same bilayer thickness is ob tained with chains in öphelical conformation ( ...g a g a ...) . Usually the conformational energy of alkyl chains is increased on heating. Therefore an allanti-arrangem ent seems to be unlikely and the heli cal conformation with more gauche bonds should be favoured; the latter is also favoured for entropy reasons in the dense packing.
Both sets of spacings (d22eC and d 110°c) are much higher than those reported by Weiss and Sick [1] on nonstoichiometric (FeOCl)*-with mixtures of R -N H 3+ and R N H 2. Obviously nonstoichiometry and excess negative charge density on the layers are decisive factors for the arrangem ent of the long chain amines.
Temperature-Dependent Phase Changes in /i-Alkylamine-Iron(III)-Oxide Chloride Intercalates
The tem perature dependency of the basal spacings is shown in Fig. 4 with /?-C12H 25N H 2-, a ?-C14H 29N H 2-, aj-C 16H33NH2-and «-C ]8H 37N H 2-intercalates. H eat ing and cooling cycles give identical values at 22 °C and at 110 °C. Inbetw een, however, kinetic hin drance and hysteresis is observed.
In all the samples there is a preferred spacing, which is constant in a wide range: from 20 to 70 °C in <*.
n-C18HJ7H H2 the n-C 18H 37N H 2-complex and from 20 to 38 °C in the ft-C12H 25N H 2-complex. The preferred value is more pronounced in heating cycles.
A t the preferred spacing the heating and cooling curves cross each other. The crossing over tem peratures depend almost linearly on the length of the alkyl chains (n-C12H 25N H 2-F e O C l: ca. 22 °C; n-C 14H 29N H 2-FeO Cl: ca. 33 °C; «-C 16H 33N H 2-F e O C l: ca. 43 °C; n-C 18H 37N H 2-F e O C l: ca. 65 °C). Im m edi ately after cooling the samples surprisingly show higher basal spacings than those having been stored at room tem peratures for more than 24 h after heat ing. This indicates the form ation of metastable phases on cooling, which rearrange on storage to a denser packing. The same has been observed with nalkanol-intercalates of FeOCl [10] .
The change in spacings is connected with a change in packing density of the alkyl chains. The maximum ratio of amine: FeOCl is 0.54±0.03 at 22 °C and 0.45±0.02 at 105-110 °C.
The space requirem ent of an alkyl chain standing perpendicular to the layers is not commensurate with the a-Z?-basal plane area of the host lattice.
With the molar ratio 0.54 the area per alkyl chain becomes 3.78 • 102 ■ 3.302 ■ 102/0.54 (pm2/chain) = 23.1 • 104 pm2/chain and with the molar ratio of 0.45 at higher tem peratures 27.7 • 104 pm 2/chain. These values are within the ranges observed for ß-phases (20-25 • 104 pm 2/chain) and a-phases (26.5 -2 9 -104 pm2/chain) of mica or other layer sili cate complexes [11] . In contrast to the latter the conform ational changes of the alkyl chains are less cooperative in FeOCl complexes. The cooperativity seems to be affected by the symmetry of the matrix layers adjacent to the amine bilayer, which is tri gonal in the layer silicates, but pseudo-squaric in FeOCl. This assumption is supported by results with corresponding complexes in uranium micas R N H 3 -R N H 2( U 0 2X 0 4) (X = P, As, V). In these tetragonal or pseudo-tetragonal host lattices the corresponding phase transform ations are also less cooperative [12] .
In principle, however, the therm al transform ations are the same in all cases, caused by conformational isomerisation of the alkyl chains, according to ..aag ag aa.. With a deficiency in intercalated amine (molar ratio amine: FeOCl = 0.503 instead of 0.540 at 25 °C and 0.43 instead of 0.45 at 105 °C, the basal spacings are shorter; the therm al behaviour in principle, how ever, is the same (Fig. 5) .
At tem peratures higher than 110 °C or on pro longed heating at 110 °C the substitution reaction FeOCl • a «-R N H 2 F eO C l1_r(N H R )r + x HC1 + (a -x )R N H 2 becomes increasingly im portant. In this case the orig inal spacings are not regained on cooling; the sam ples often exhibit a 2-phase behaviour with two inde pendent integral (00/)-series. The substitution reac tion can be observed clearly by IR spectra in the vibration range of 200-600 cm -1 (Fig. 6 ). In case of pure FeOCl only two typical bands appear at 482 cm -1 (Fe -O-stretching vibration) and 269 cm -1 (Fe -Cl-stretching vibration). If octylamine is inter calated on the internal surfaces of FeOCl at room tem perature, no change of these bands is observed. However, a new band appears on therm al treatm ent above 120 °C and long reaction time; this new band (356 cm -1) seems to be characteristic of the F e -Nstretching mode (369 cm -1 in FeCl2-2N 2H 4 [13] , 321 cm "1 in [Fe(N H 3)6]Cl2 [14] , 315 c m '1 in [Fe(NH3)6]Br2 [14] ). In comparison with long chain derivates of layer silicates [15, 16] , uranium micas [12] , or transition metal dichalcogenides [8, 9] the therm al behaviour of alkylam ine-FeOCl-intercalates is much more com plicated; the complexity is mainly determ ined by the incom mensurate dimensions of paraffine-like struc tures and the layers of the host lattice, by the specific ____1 ___________ i --. ---i X t 1 700 600 5GO z.00 300 200 structure of the interface host layer/intercalated bilayer and by kinetic hindrance during the re ar rangements.
